Meiosis produces gametes through a specialized, two-step cell division, which is highly error prone in humans. Reductional meiosis I, where maternal and paternal chromosomes (homologs) segregate, is followed by equational meiosis II, where sister chromatids separate. Uniquely during meiosis I, sister kinetochores are monooriented and pericentromeric cohesin is protected. Here, we demonstrate that these key adaptations for reductional chromosome segregation are achieved through separable control of multiple kinases by the meiosis-I-specific budding yeast Spo13 protein. Recruitment of Polo kinase to kinetochores directs monoorientation, while independently, cohesin protection is achieved by containing the effects of cohesin kinases. Therefore, reductional chromosome segregation, the defining feature of meiosis, is established by multifaceted kinase control by a master regulator. The recent identification of Spo13 orthologs, fission yeast Moa1 and mouse MEIKIN, suggests that kinase coordination by a meiosis I regulator may be a general feature in the establishment of reductional chromosome segregation.
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In Brief
Segregation of homologs-rather than sister chromatids-is unique to meiosis I. Galander et al. show that the meiosis-Ispecific Spo13 protein prevents sister chromatid segregation by controlling the effects of multiple kinases to both enforce sister kinetochore co-orientation and prevent premature loss of cohesion.
INTRODUCTION
Unlike mitosis, meiosis requires two rounds of chromosome segregation without intervening DNA replication. Meiosis I is distinctive because homologs, rather than sister chromatids, are segregated, requiring adaptations to the chromosome segregation machinery (Marston, 2014) . Firstly, homologous chromosomes recombine to create linkages (chiasmata) that bias their stable attachment to microtubules from opposite spindle poles. Secondly, sister kinetochores monoorient, meaning that they face the same, rather than opposite, spindle poles. Lastly, cohesin, which holds sister chromatids together, is cleaved in two steps. During meiosis I, cohesin cleavage on chromosome arms allows homolog segregation, but cohesin protection in the region around centromeres (called pericentromeres) holds sister chromatids together until meiosis II.
Cohesin comprises three core subunits, Smc1, Smc3, and Scc1, and accessory subunits Scc3 and Pds5 (Marston, 2014) . Upon proper attachment of all chromosomes to the spindle, securin (Pds1) is destroyed, liberating separase (Esp1), which cleaves Scc1, triggering chromosome segregation. During meiosis, Rec8 replaces Scc1 (Buonomo et al., 2000; Watanabe and Nurse, 1999) and its cleavage by separase during both anaphase I and II requires prior Rec8 phosphorylation. In budding yeast, three kinases phosphorylate Rec8: CK1d (Hrr25), Dbf4-dependent kinase (DDK) Cdc7 (Katis et al., 2010) , and Polo kinase (Cdc5) (Brar et al., 2006) , although the contribution of Cdc5 to cohesin cleavage is under debate (Katis et al., 2010; Attner et al., 2013) . During meiosis I, shugoshin (Sgo1) recruits protein phosphatase 2A (PP2A) to the pericentromere to counteract this phosphorylation and prevent Rec8 cleavage (Katis et al., 2004a; Kitajima et al., 2004 Kitajima et al., , 2006 Lee et al., 2008; Marston et al., 2004; Riedel et al., 2006; Tang et al., 2006) . Rec8 deprotection in anaphase II requires Hrr25-dependent cohesin phosphorylation and Sgo1 inactivation (Arg€ uello-Miranda et al., 2017; Jonak et al., 2017) .
Cohesin also promotes sister kinetochore monoorientation in fission yeast, A. thaliana, and C. elegans, but not budding yeast (Chelysheva et al., 2005; Monje-Casas et al., 2007; Severson et al., 2009) . In fission yeast, Rec8-containing cohesin is thought to juxtapose sister centromeres to create a geometry that favors sister kinetochore monoorientation (Sakuno et al., 2009; Yokobayashi et al., 2003) . In contrast, in budding yeast, a dedicated complex called monopolin directs sister kinetochore monoorientation. Monopolin consists of the meiosis-specific Mam1 protein (Tó th et al., 2000) , the nucleolar proteins Lrs4 and Csm1 (Rabitsch et al., 2003) , and Hrr25 , which together form a V-shaped structure thought to fuse sister kinetochores to form a common microtubule attachment surface (Corbett et al., 2010; Sarangapani et al., 2014) .
Re-programming of the chromosome segregation machinery to segregate homologs requires synchronized establishment of sister kinetochore monoorientation and cohesin protection. This predicts the existence of a master regulator that can drive these two adaptations, essentially converting mitosis into meiosis. An attractive candidate is the budding yeast meiosis-I-specific Spo13 protein. Cells lacking SPO13 undergo a single meiotic division, show monoorientation defects, and fail to protect cohesin (Katis et al., 2004b; Klapholz and Esposito, 1980; Lee et al., 2004; Shonn et al., 2002; Galander et al., 2019) . Accordingly, Spo13 is required for monopolin localization at kinetochores (Katis et al., 2004b; Lee et al., 2004) and is implicated in ensuring the proper pericentromeric localization of Sgo1 (Kiburz et al., 2005) . Functionally orthologous fission yeast Moa1 and mouse MEIKIN are similarly present only in meiosis I (Kim et al., 2015) . All three proteins bind Polo kinase and its recruitment to centromeres by fission yeast Moa1 and mouse MEIKIN has been suggested to facilitate monoorientation and cohesin protection (Kim et al., 2015; Matos et al., 2008; Miyazaki et al., 2017) .
Here, we reveal how budding yeast Spo13 directs both sister kinetochore monoorientation and cohesin protection to define the meiotic chromosome segregation pattern. We show that recruitment of Polo kinase Cdc5 to kinetochores by Spo13 is critical for monoorientation but not cohesin protection. Instead, Spo13 protects cohesin by restricting the effects of the cohesin kinases Hrr25 and DDK, thereby both limiting cohesin phosphorylation and promoting retention of the Sgo1 cohesin protector. Overall, Spo13 orchestrates coordinated temporal and spatial control on key meiotic kinases to establish the meiotic segregation pattern.
RESULTS

Spo13 Recruits Cdc5 to Centromeres
To test if Spo13, like Moa1 and MEIKIN, recruits Polo kinase to centromeres, we analyzed chromosomal Cdc5 by chromatin immunoprecipitation and qPCR (ChIP-qPCR). Cdc5 enrichment at centromeric, but not pericentromeric or arm sites, was significantly reduced in spo13D metaphase-I-arrested cells and in the spo13-m2 mutant, which is deficient in binding Cdc5 (Matos et al., 2008) (Figure 1A ). Cellular Cdc5 levels ( Figure S1A ) and metaphase I arrest efficiency ( Figure S1B ), known to be less robust in spo13D cells (Katis et al., 2004b) , were comparable. Reduced centromeric Cdc5 was also not an indirect consequence of the loss of monoorientation in spo13D and spo13-m2 cells because Cdc5 and Spo13 associate with centromeres normally in the absence of the monopolin component Mam1 ( Figures S1C and S1D) .
Consistently, overexpression of SPO13, but not spo13-m2, from the copper-responsive CUP1 promoter increased Cdc5, though not Spo13, levels at centromeres ( Figures 1B and 1C) . Both Spo13 and Cdc5 levels were increased at a chromosomal arm site and cellular Cdc5 levels were also modestly elevated upon SPO13 overexpression ( Figure S1E ), suggesting that stabilization of Cdc5 enhances its chromosomal association. However, less Spo13-m2 associated with centromeres, compared to Spo13, even when over-produced (Figures 1C and S1E) , suggesting co-dependence of Spo13 and Cdc5 for their centromeric localization. We conclude that centromeric enrichment of Cdc5 depends on its association with Spo13.
Spo13
Associates with Kinetochores and CohesinRich Sites Spo13 accumulates throughout the nucleus prior to metaphase I and is also found associated with chromosomes at centromeres and cohesin arm sites before being degraded in anaphase I (Figure S1F ; Katis et al., 2004b; Sullivan and Morgan, 2007) . To determine Spo13 dependence on cohesin (Rec8), we performed calibrated Spo13-3Flag ChIP followed by sequencing (ChIP-seq) in prophase-arrested cells. Total cellular levels of Spo13 and the most prominent Spo13 peaks at centromeres were independent of Rec8 ( Figures 1D, 1E , S1G, and S1H). Smaller, Rec8-dependent Spo13 peaks were found at non-centromeric sites occupied by Rec8. Average Spo13 signal around all centromeres was narrower in rec8D cells than wild type ( Figure 1E ) and the difference of the profiles around CEN1 ( Figure 1D ) revealed a bimodal peak, reminiscent of the Rec8 peak. Therefore, Spo13 localization to chromosome arms and pericentromeres depends on cohesin, while Spo13 association with centromeres is cohesin independent.
Kinetochore-Bound Cdc5 Is Sufficient for Monoorientation To determine whether kinetochore recruitment of Cdc5 underlies Spo13 function in monoorientation and cohesin protection, we artificially targeted Cdc5 to kinetochores (Cdc5-Kt; Figures 2A and S2A ). To assay kinetochore monoorientation, we visualized heterozygous CEN5-tdTomato foci, which split into two distinct foci during metaphase I if monoorientation is defective. While rarely observed in wild-type cells (<1%), split CEN5-tdTomato foci are observed in approximately 30% of spo13D metaphase-I-arrested cells. Remarkably, Cdc5-Kt reduced this fraction by more than half ( Figure 2B ). Lrs4 hyperphosphorylation, which correlates with monopolin localization to kinetochores and is lost in the absence of SPO13 and in spo13-m2 (Matos et al., 2008) , was also partially rescued by Cdc5-Kt in spo13D cells ( Figure 2C ). Therefore, Spo13-mediated recruitment of Cdc5 to kinetochores promotes Lrs4 phosphorylation and sister-kinetochore monoorientation.
To further assay the effect of Cdc5-Kt, we established a livecell sister kinetochore monoorientation and cohesin protection assay. We followed heterozygous fluorophore-labeled CEN5 foci through meiosis I. Depending on whether or not monoorientation is established and/or pericentromeric cohesin is retained, three different scenarios result when cells enter anaphase I ( Figure 2D ). First, in wild-type cells, a single CEN5 focus segregates to one of the spindle poles. Second, if monoorientation is lost, split CEN5 foci remain in close proximity (<2 mm) because protected pericentromeric cohesin holds sister chromatids together. Third, in cells defective for both monoorientation and sister chromatid cohesion, CEN5 foci separate over a greater distance (>2 mm). We categorized cells based on the distance between CEN5 foci in anaphase I (as assessed by release of Cdc14 from the nucleolus or by Pds1 disappearance; Figure 2D ). The majority ($64%) of spo13D cells fail to co-segregate CEN5 foci during anaphase I, but remarkably Cdc5-Kt ( Figure 2E ), though not kinase-defective Cdc5 N209A -Kt ( Figure S2B ), almost completely restored sister chromatid co-segregation. Cdc5-Kt also suppressed the high frequency of sister kinetochore biorientation in spo13D spo11D cells caused by the absence of homolog-linking chiasmata ( Figure 2E ). Hence, enrichment of Cdc5 kinase at kinetochores is a crucial function of Spo13 in monoorientation.
Cdc5-Kt Rescues Sister Chromatid Co-segregation Independently of Monopolin Partial Lrs4 hyperphosphorylation in CDC5-Kt spo13D cells (Figure 2C) suggested that Cdc5-Kt may promote monoorientation by restoring recruitment of monopolin, which requires Spo13 for its localization at kinetochores (Katis et al., 2004b; Lee et al., 2004) . Surprisingly, although Cdc5-Kt enhanced centromeric Mam1 recruitment, it did so only in the presence of SPO13 (Figure 2F) , suggesting that Cdc5-Kt promotes monoorientation independently of monopolin recruitment to kinetochores. Indeed, remarkably, Cdc5-Kt did not require the Mam1, Lrs4, or Csm1 components of monopolin to promote monoorientation in metaphase-I-arrested cells ( Figures S2C-S2E ) or for sister chromatid co-segregation in anaphase I ( Figures 2G, S2F , and S2G), regardless of the presence of Spo13. Therefore, Spo13-dependent recruitment of Cdc5 to kinetochores directs sister chromatid co-segregation through a mechanism independent of monopolin-dependent sister kinetochore crosslinking.
We asked if these effects were specific to Cdc5 by tethering Hrr25 ( Figure S2H ), a kinase component of monopolin that is recruited to kinetochores by Mam1 . While Hrr25-Kt did not prevent sister CEN5 foci separating at metaphase I ( Figure S2I ), it partially restored the co-segregation of sister chromatids in anaphase I in mam1D and mam1D spo13D, but not spo13D cells ( Figure S2J ), confirming the functionality of Hrr25-Kt. This suggests that Hrr25 may play its most critical role in monoorientation during anaphase I and demonstrates the specific requirement for Cdc5 recruitment to kinetochores by Spo13.
We also tested the effect of Cdc5-Kt on the segregation of homologs to opposite poles during meiosis I. Imaging homozygous CEN5-tdTomato foci revealed homolog co-segregation in a fraction ($18%) of Cdc5-Kt cells, which increased to $50% in the absence of Mam1 and/or Spo13 ( Figure 2H ). Therefore, while Cdc5-Kt nearly always (>95%) directs sister kinetochore cosegregation during meiosis I, even in the absence of monopolin ( Figure 2G ), the effect on homolog co-segregation is more modest and, interestingly, is suppressed by the presence of monopolin. Although the reasons for these observations remain unclear, forcing Cdc5 to kinetochores in an unregulated manner may enhance its effect, such that not only sister kinetochores but also homologous kinetochores are co-oriented. We conclude that monopolin and kinetochore-associated Cdc5 play distinct roles in ensuring proper kinetochore orientation during meiosis I. (legend continued on next page)
Cdc5-Kt Promotes Pericentromeric Cohesin Retention but Is Insufficient for Sister Chromatid Cohesion
To test whether centromeric Cdc5 is required for cohesin protection, we asked whether spo13-m2 would permit sister chromatid segregation during meiosis I in mam1D mutants. Because of the loss of monoorientation, mam1D cells biorient sister kinetochores in meiosis I, but sister chromatid segregation is prevented because centromeric cohesion persists (Tó th et al., 2000) . In contrast to spo13D mam1D cells, which separate sister chromatids in anaphase I ( Figure 2G ), spo13-m2 mam1D double mutants largely retain sister chromatid cohesion, similar to mam1D single mutants ( Figure S3A ). However, unlike spo13D, spo13-m2 cells show only minor monoorientation defects (Figure S3A) , and residual Spo13-Cdc5 interaction in this mutant (Matos et al., 2008 ) means a potential role for kinetochorerecruited Cdc5 in cohesion protection could not be ruled out.
As an alternative approach, we asked whether Cdc5-Kt allows retention of pericentromeric cohesin in anaphase I spo13D cells by imaging Rec8-mNeonGreen (mNG). Faint Rec8-mNG foci that co-localize with the kinetochore marker Dsn1-tdTomato persist in wild-type anaphase I cells, but not in spo13D cells, indicating a failure to protect cohesin ( Figures S3B and S3C ). However, Cdc5-Kt restored pericentromeric Rec8 foci in 52% of anaphase I spo13D cells (Figures S3B and S3C) and increased pericentromeric Rec8 intensity in wild-type and spo13D backgrounds ( Figure S3D ). The rescue of the monoorientation defect of spo13D cells by Cdc5-Kt ( Figure 2E ) precludes assaying cohesion directly in the live-cell assay ( Figure 2D ). Instead, centromeric cohesion functionality can be inferred by scoring CEN5 foci separation after anaphase I ( Figures S3E and S3F ). Wild-type and pCLB2-SGO1 controls split heterozygous CEN5 foci soon after the first round of Cdc14 release in response to meiosis II spindle tension (Figures S3E and S3F) . We also observed split CEN5 foci in 78% of spo13D cells (Figures S3E and S3F) . Because meiosis II spindles do not form in spo13D cells ( Figure S3G ), this post-anaphase I CEN5 foci separation must be the result of cohesion defects, rather than spindle tension. Cdc5-Kt neither delayed the appearance of split foci nor reduced their frequency (88%) in the absence of SPO13 (Figure S3F) . Therefore, although Cdc5-Kt increases pericentromeric Rec8-mNG in anaphase I spo13D cells, cohesion defects persist. We conclude that Spo13 functions other than Cdc5 recruitment to kinetochores are important for cohesion protection.
Cohesin-Associated Cdc5 Promotes Cohesion Loss
Paradoxically, Cdc5-dependent phosphorylation of Rec8 was reported to be important not for its protection but for its cleavage (Attner et al., 2013; Brar et al., 2006) . Indeed, in Cdc5-depleted cells, the slower migrating forms of Rec8 that appear after prophase I exit in wild-type cells are largely absent ( Figure 3A ) and the fastest migrating form ( Figure 3A , arrowheads), which likely corresponds to unphosphorylated, protected Rec8 at pericentromeres persists. Consistent with this interpretation, the fastest migrating, presumed protected, Rec8 species rapidly disappears in cells depleted of the cohesin-protector Sgo1, even when Cdc5 is also depleted ( Figure 3B , arrowheads). Thus, Cdc5 may not be essential for cohesin protection.
To directly determine the effect of Cdc5-directed Rec8 phosphorylation on cohesin retention and sister chromatid cohesion, we tethered Cdc5-GBP to Rec8-GFP (henceforth Cdc5-Coh). Cohesin loading prior to prophase I is comparable in Cdc5-Coh and wild-type cells ( Figures S3H and S3I ). However, upon nuclear division at anaphase I, distinct pericentromeric Rec8-GFP foci were absent from Cdc5-Coh cells. Instead, diffuse nuclear signal was observed, even in the absence of SPO13 ( Figures 3C and 3D ), which likely represents cleaved Rec8-GFP fragments bound to nuclear Cdc5-GBP rather than cohesin conferring sister chromatid cohesion, since nuclear division occurs. Consistently, kinetochore-proximal Rec8 intensity in Cdc5-Coh cells was lower than in wild type but higher than in spo13D cells ( Figure 3E ). Therefore, Cdc5-Coh promotes cohesin removal in anaphase I, a conclusion reinforced by analysis of CEN5 foci segregation: while Cdc5-Coh had no impact in a wildtype background, it caused CEN5 foci to segregate to opposite poles in virtually all spo13D cells ( Figure 3F ). Although it is unclear why Cdc5-Coh enhances sister chromatid biorientation in spo13D cells, this confirms that cohesin-associated Cdc5 does not universally protect Rec8 and indicates a specific role for kinetochore-bound Cdc5 in promoting sister kinetochore monoorientation. Cdc5-Coh also permitted mam1D cells to segregate sister chromatids to opposite poles in anaphase I, providing further evidence that Cdc5 promotes cohesion loss ( Figure 3G ). Therefore, in contrast to kinetochore-bound Cdc5, which promotes retention of, albeit nonfunctional, centromeric cohesin, cohesin-bound Cdc5 promotes cohesion dissolution.
Sgo1-PP2A Localizes to Pericentromeres in Metaphase I Independently of Spo13
Since Cdc5-Kt only modestly increased pericentromeric cohesin in anaphase I spo13D cells and was insufficient for functional cohesion, Spo13 must protect cohesion through other mechanisms. Spo13 may promote localization of the Sgo1-PP2A cohesin protector at pericentromeres (Kiburz et al., 2005) , though earlier reports found no impairment of Sgo1 localization in spo13D cells (Katis et al., 2004b; Lee et al., 2004) . Consistently, (C) Immunoblot analysis of Lrs4-6Ha, Cdc5-GFP, and Kar2 loading control. Arrow indicates hyperphosphorylated Lrs4-6Ha. (D) Assay for monoorientation and cohesion defects with representative images below. Scale bars, 1 mm. Green arrows, nucleolar Cdc14; Cyan arrows, Cdc14 at SPBs in anaphase I. (E) Frequency of heterozygous CEN5 distance categories from (D) after live-cell imaging. Maximum distance between two TetR-tdTomato foci within two time points after initial Cdc14 release was measured (n = 50). (F) Mean enrichment of Mam1-3Flag in metaphase I from six experimental replicates, with standard error bars (*p < 0.05, **p < 0.01). (G) CEN5 distance categories determined as in Figure 2E . (H) Frequency of homozygous CEN5-tdTomato foci segregating (gray), co-segregating (purple), or failing to segregate (green) within two time points after the first round of Cdc14 release (n = 50). See also Figure S2 . GFP-tagged Sgo1 or PP2A regulatory subunit, Rts1, showed similar kinetochore-proximal localization in live wild-type and spo13D cells progressing from prophase I into metaphase I (Figures 4A and 4B) . Furthermore, Sgo1-6Ha ChIP-seq profiles were virtually indistinguishable in wild-type and spo13D metaphase I cells along a representative chromosome ( Figure 4C ), or averaged across all pericentromeres ( Figure 4D ), and ChIPqPCR confirmed quantitatively similar levels ( Figure 4E ), despite slightly reduced cellular Sgo1 levels in spo13D cells ( Figure 4F ). Moreover, Sgo1 localization during metaphase I in spo13D cells corresponds to the domain of pericentromeric cohesin where Rec8 is known to be enriched and ordinarily protected in wildtype cells ( Figure 4C ; Kiburz et al., 2005) . We conclude that meiotic cohesion loss in spo13D mutants cannot be explained by de-localization of Sgo1 from the pericentromere in metaphase I.
Spo13 Deters Cohesin Phosphorylation
Rec8 cleavage in anaphase I requires its prior phosphorylation, which is counteracted by Sgo1-PP2A at the pericentromere. Since Sgo1-PP2A is localized normally in spo13D cells, Spo13 must either preclude the requirement for cohesin phosphorylation, or counteract cohesin phosphorylation in parallel to Sgo1-PP2A. To distinguish between these possibilities, we compared the extent of pericentromeric Rec8 phosphorylation in wild-type, spo13D, and SPO13-overexpressing cells. To specifically isolate the pericentromeric pool of Rec8, we immunoprecipitated Sgo1 and used mass spectrometry to analyze relative changes in phosphorylation of co-precipitating Rec8. As a positive control, we immunoprecipitated Sgo1-3A, which cannot bind PP2A (Xu et al., 2009) and is therefore expected to increase pericentromeric Rec8 phosphorylation. Analysis of Sgo1's interaction partners confirmed its interaction with cohesin (unchanged in spo13D), specific loss of monopolin in spo13D, and loss of PP2A in the sgo1-3A mutant, as expected ( Figure S4A ). While Rec8 phosphopeptides were not detectably enriched in the sgo1-3A mutant over wild type, we observed a depletion of unphosphorylated Rec8 peptides ( Figures 5A, 5B , S4B, and S4C), suggesting that Rec8 hyperphosphorylation precludes phosphopeptide detection. The changes in Rec8 phosphopeptides in spo13D were modest: while unphosphorylated Rec8 peptides were comparable in abundance to wild type, Rec8 phosphopeptides were mildly enriched over wild type (legend continued on next page) ( Figures 5A, 5B , S4B, and S4C). However, SPO13 overexpression did not detectably alter the abundance of either phosphorylated or unphosphorylated Rec8 peptides ( Figures 5A, 5B, S4B , and S4C). Western blot analysis of Rec8 mobility in cells progressing from prophase I into a metaphase I arrest confirmed that the faster migrating, unphosphorylated, and presumed pericentromeric form of Rec8 disappeared more quickly in spo13D cells than wild type ( Figure 5C ). Taken together, these findings are consistent with the idea that Spo13 deters cohesin phosphorylation.
Restricting Rec8 Phosphorylation Prevents Cohesin
Loss in spo13D Cells We tested whether reducing Rec8 phosphorylation can prevent cohesin loss during anaphase I by mutating only a subset of phosphorylation sites, thereby reducing overall phosphorylation but not completely abrogating cleavage. We mutated 11 previously identified and 3 putative Cdc5-dependent phosphorylation sites (Brar et al., 2006) to alanine (henceforth called Rec8-poloA) and used a non-phosphorylatable, and therefore uncleavable, version of Rec8 (Rec8-24A) (Katis et al., 2010) as a control. A separase biosensor (Yaakov et al., 2012) , comprising a fragment of Rec8-GFP tethered to a chromosomal arm site ( Figure S4D ), confirmed that while the Rec8-24A mutations blocked cleavage, Rec8-poloA was cleaved in a manner indistinguishable from wild-type Rec8 in both wild-type and spo13D cells (Figures S4E-S4H) . Next, we followed GFP-tagged Rec8 and phosphomutant variants through meiosis in otherwise wild-type or spo13D cells ( Figure 5D ). As expected, at anaphase I, Rec8-GFP persisted in the vicinity of the kinetochores in wild type but disappeared in spo13D cells ( Figures 5D and 5E ). In contrast, non-phosphorylatable rec8-24A prevented bulk cohesin cleavage whether or not Spo13 was present (Figures 5D and 5E ). Interestingly, while the bulk of Rec8-poloA-GFP was lost from chromosomes, a small pool was retained in the pericentromere, even in spo13D cells, albeit transiently ( Figures 5D and 5E) . Consistently, the signal intensity of pericentromeric Rec8-poloA-GFP in spo13D anaphase I cells was comparable to that of either Rec8-GFP or Rec8-poloA-GFP in wild-type anaphase I cells ( Figure 5F ). Nevertheless, the transiently retained Rec8-poloA-GFP in spo13D cells could not prevent sister chromatid segregation during anaphase I, though the non-phosphorylatable Rec8-24A could ( Figure 5G ). The delay in pericentromeric cohesin cleavage in rec8-poloA cells lacking SPO13, despite timely loss of arm cohesin, suggests that it is the synergistic effects of the Rec8-poloA mutations and pericentromeric Sgo1-PP2A that impair cohesin cleavage. This indicates that a threshold level of Rec8 phosphorylation is required for its cleavage and that Sgo1-PP2A and Spo13 synergize to counteract this phosphorylation at the pericentromere.
Spo13 Prevents Premature Cohesion Loss by Limiting the Effects of the Cohesin Kinases
We hypothesized that Spo13 may ensure cohesin protection by regulating the cohesin kinases. Indeed, Spo13 binds Cdc5 and is inferred to interact with DDK, which itself is a Cdc5 binding factor (Matos et al., 2008) . Hrr25-3V5 also co-immunoprecipitates with Spo13-3Flag, independent of Hrr25 recruitment to kinetochores by Mam1 ( Figure 6A ; Petronczki et al., 2006) . Furthermore, full Spo13 phosphorylation depends not only on DDK and Cdc5 (Matos et al., 2008) but also on Hrr25 ( Figure 6B ). Therefore, Spo13 associates with, and is likely to be phosphorylated by, all three cohesin kinases.
We asked whether Spo13 prevents the cohesin kinases associating with chromosomes. However, chromosomal levels of Hrr25, Cdc7, or Cdc5 are not increased in spo13D cells ( Figures  1A, S5A , and S5B). Rather, as expected, spo13D cells showed decreased levels of Hrr25 at centromeres, similar to cells lacking the monopolin subunit Mam1, which is known to recruit it (Figure S5A ) and which itself is lost in spo13D cells (Katis et al., 2004b; Lee et al., 2004;  Figure 2F ).
Next, we tested whether Spo13 can influence the ability of the cohesin kinases to trigger phosphorylation-dependent Rec8 cleavage using specifically inhibitable versions of Hrr25 and Cdc7 (Hrr25-as1 and Cdc7-as3). During meiosis I, Hrr25 and Cdc7 trigger cleavage of chromosomal arm cohesin redundantly, so that inhibition of both kinases blocks all chromosome segregation, while inhibition of a single kinase delays Rec8 cleavage (Katis et al., 2010) . We confirmed this using the Rec8-GFP separase biosensor targeted to a chromosomal arm site (where the phosphatase Sgo1-PP2A is absent) and further found that deletion of SPO13 partially abrogated the cleavage delay caused by inhibition of Cdc7 but not Hrr25 ( Figure S5C ). As expected, inhibition of Hrr25 and Cdc7 also prevented removal of all endogenous Rec8-GFP in wild-type and spo13D cells (Figures 6C-6E) . Surprisingly, however, Rec8-GFP was undetectable in 44% of anaphase I cdc7-as3 mutants and virtually all spo13D cdc7-as3 cells ( Figure 6D ). In contrast, inhibition of Hrr25-as1 in spo13D increased the number of cells with detectable pericentromeric Rec8-GFP and its average intensity in anaphase I ( Figure 6E ). We then examined the effects of Hrr25 and Cdc7 kinase inhibition on cohesion during anaphase I ( Figure 6F ). Both kinases are individually required for monopolin function (Matos et al., 2008; Petronczki et al., 2006) , and inhibition of Cdc7, Hrr25, or both kinases increased sister kinetochore biorientation to some extent; however, centromeres separated only a short distance, indicating that centromeric cohesion is preserved, even in the spo13D background. Curiously, Hrr25 inhibition had only a minor effect on sister kinetochore biorientation in an otherwise wild-type background. This is not due to a failure to inhibit Hrr25 because meiosis II Cdc14 release, which specifically Figure 2E . See also Figure S5 . requires Hrr25, was blocked ( Figure 6G ) and in spo13D cells, sister chromatid segregation was prevented ( Figure 6F ). The reason why Hrr25-as1 inhibition has a more modest effect on monoorientation compared to mam1D remains unclear, but Hrr25 kinase activity may have a regulatory role since it is also not required for kinetochore fusion in vitro (Sarangapani et al., 2014) . Unexpectedly, given that Rec8-GFP was undetectable in anaphase I ( Figure 6D ), cdc7-as3 also prevents sister chromatid segregation in spo13D cells. Therefore, remarkably, inhibition of a single cohesin kinase is sufficient to restore cohesion to spo13D anaphase I cells. Depletion of Cdc5 in spo13D cells also prevented sister chromatid segregation (Figures S5D and S5E ). However, this is partially overcome by abolishing recombination upon deleting SPO11 ( Figures S5D  and S5E ), indicating that the perceived sister chromatid cohesion in spo13D pCLB2-CDC5 cells is in part due to the requirement for Cdc5 to resolve DNA joint molecules (Clyne et al., 2003; Matos et al., 2011) . Furthermore, the faster migrating unphosphorylated Rec8 isoforms, likely the pericentromeric pool, do not persist in cells lacking both Sgo1 and Cdc5 ( Figure 3B ). This indicates that Cdc5 is not essential for phosphorylation of the pericentromeric pool of cohesin. Together, these observations demonstrate that reducing cohesin phosphorylation by inhibition of individual cohesin kinases, Hrr25 and DDK, is sufficient to prevent sister chromatid separation in the absence of SPO13.
Sgo1-PP2A and Spo13-Dependent Regulation of Cohesin Kinases together Protect Pericentromeric Cohesin
Our findings suggest that Spo13 regulates cohesin cleavage by counteracting the effects of the cohesin kinases, thereby synergizing with Sgo1-PP2A to maintain pericentromeric cohesin phosphorylation below a threshold important for its cleavage. If this idea were correct, inactivation of the Sgo1-PP2A phosphatase would be expected to restore pericentromeric cohesin cleavage in spo13D cells where a single kinase is inhibited. Indeed, Hrr25 or Cdc7 inhibition blocked sister chromatid segregation in spo13D mutants only in the presence of Sgo1 ( Figures 6H and 6I) . Similarly, depletion of Sgo1 allows spindle elongation and sister chromatid segregation in pCLB2-CDC5 cells (Brar et al., 2006) . Since Sgo1 is restricted to the pericentromere, the relevant cohesion that prevents sister chromatid segregation in spo13D hrr25-as1 and spo13D cdc7-as3 cells must also reside in the pericentromere. Importantly, this confirms that endogenous Sgo1 is functional in cells lacking Spo13, at least in the absence of cohesin kinase activity, reinforcing the conclusion that Spo13 and Sgo1-PP2A protect pericentromeric cohesin through parallel and non-redundant pathways. Together, these results indicate that Spo13 counteracts Rec8 phosphorylation by cohesin kinases to prevent its cleavage.
Spo13 Influences Sgo1 through Control of Cohesin Kinases
Our data indicate that the cohesin kinases promote cohesion loss in spo13D cells by directly phosphorylating Rec8 to promote its cleavage. However, Hrr25 is also known to promote Sgo1 removal from chromosomes during meiosis II (Arg€ uelloMiranda et al., 2017) , so Spo13-dependent regulation of the cohesin kinases might additionally be important for maintenance of Sgo1-PP2A function during meiosis I. Indeed, inhibition of either hrr25-as1 or cdc7-as3, or depletion of Cdc5, increased total cellular Sgo1 levels and its association with centromeres ( Figures S6A-S6E ). Curiously, and for reasons that are unclear, centromeric Sgo1 levels in hrr25-as1 cdc7-as3 double mutants are comparable to wild type ( Figure S6A ), suggesting that these kinases influence Sgo1 localization both positively and negatively. If Spo13 counteracts the effects of cohesin kinases, then its overproduction would be expected to both increase chromosomally associated Sgo1 and enhance cohesin protection in meiosis I. Indeed, centromeric Sgo1 levels ( Figure S6F ) and the intensity of pericentromeric Rec8-GFP in anaphase I were increased upon SPO13 overexpression, with the latter being dependent on the presence of Sgo1 ( Figures S6G and S6H ). Our findings implicate Spo13 in restricting cohesin kinases, which in turn negatively regulate Sgo1 association with chromosomes (Figures S6A-S6E ; Arg€ uello-Miranda et al., 2017) , yet Sgo1-PP2A is normally localized in spo13D metaphase I cells (Figure 4 ). Since cohesin cleavage occurs only at anaphase I onset, we reasoned that the effects of SPO13 deletion on Sgo1-PP2A might only be apparent at this stage. In wild type, pericentromeric Sgo1-mNG is detected in metaphase I, greatly reduces in intensity at anaphase I onset, re-accumulates during metaphase II, and disappears during anaphase II ( Figures 7A and  7B ). In contrast, Sgo1 permanently disappears at anaphase I onset in spo13D cells (Figures 7A and 7B) . Remarkably, inhibition of Hrr25-as1, but not Cdc7-as3, caused the reappearance of Sgo1 at pericentromeres after anaphase I onset in spo13D cells ( Figures 7A, 7B , S6I, and S6J). Sgo1 reappearance in anaphase I does not require the persistence of pericentromeric cohesin since it also occurred in spo13D hrr25-as1 cells expressing non-protectable Rec8-18D ( Figures S6K and S6L) . We conclude that Hrr25 removes Sgo1 from chromosomes upon anaphase I onset in spo13D cells. 
Cohesin-Tethered Sgo1 Restores Pericentromeric
Cohesin, but Not Cohesion, to spo13D Cells To determine whether premature Sgo1 removal causes cohesin loss in spo13D cells, we used a version of Sgo1 lacking its recognition site for APC/C Cdc20 -dependent degradation (Eshleman and Morgan, 2014) , which persists at pericentromeres during anaphase I ( Figures S7A and S7B) , and imaged Rec8-GFP throughout meiosis ( Figure S7C ). Interestingly, weak pericentromeric Rec8-GFP foci were detected in 38% of spo13D sgo1Ddb cells ( Figure S7D ), although the intensity was barely increased over that observed in spo13D cells ( Figure S7E ). Despite this apparent retention of pericentromeric cohesin in spo13D sgo1Ddb cells, we found that sister chromatid segregation frequency was nearly identical to that observed in spo13D cells ( Figure S7F ). These results suggest that preventing Sgo1 degradation during anaphase I is insufficient to restore sister chromatid cohesion to spo13D cells. While Sgo1Ddb persisted at pericentromeres and marginally increased Rec8 levels during anaphase I, it may be subject to Hrr25-dependent removal and not be robustly associated with cohesin, explaining why it is incapable of restoring sister chromatid cohesion. As a complementary approach, we irreversibly forced Sgo1-cohesin interaction using the GFP-GBP tethering system, therefore ensuring continued Rec8-Sgo1 interaction at anaphase I onset. Strikingly, forcing Rec8-Sgo1 interaction resulted in Rec8-GFP retention at the pericentromere in all spo13D anaphase I cells, with signal intensity comparable to that of wild-type cells (Figures 7C-7E ). The majority of this signal corresponds to uncleaved Rec8, since tethering Sgo1-3A, which cannot bind PP2A or prevent cohesin cleavage, increased pericentromeric Rec8-GFP intensity only modestly during anaphase I (Figures S7G-S7I) .
Surprisingly, forcing Rec8-Sgo1 interaction in spo13D mutants did not prevent the segregation of heterozygous CEN5-tdTomato foci to opposite poles in anaphase I, despite the presence of cohesin ( Figures 7F and 7G ). The persistence of pericentromeric cohesin that does not provide sister chromatid cohesion in spo13D cells with forced Rec8-Sgo1 interaction ( Figures 7F and 7G) is reminiscent of the behavior of spo13D cells expressing rec8-poloA ( Figures 5D-5G ) or CDC5-Kt (Figures S3B-S3F) . Equally, tethering of Sgo1 to the kinetochore component Nkp1 did not prevent sister chromatid segregation in anaphase I spo13D cells ( Figure S7J ). Overall, these findings show that preventing Hrr25-dependent Sgo1 removal from pericentromeres during anaphase I alone is insufficient to restore sister chromatid cohesion, although pericentromeric cohesin persists. We conclude that Spo13-dependent control of cohesin kinases protects pericentromeric cohesion both by preventing cohesin phosphorylation and by maintaining Sgo1-PP2A function in anaphase I.
DISCUSSION
Establishment of the reductional meiosis I chromosome segregation pattern requires a number of seemingly unrelated modifications to the chromosome segregation machinery. Intriguingly, accumulating evidence suggests that a central, meiosis-specific, regulatory protein establishes at least two of these processes: sister kinetochore monoorientation and cohesin protection. These key meiosis I regulators, which essentially convert mitosis into meiosis I, include fission yeast Moa1, mouse MEIKIN (Kim et al., 2015; Miyazaki et al., 2017) , and budding yeast Spo13. Here, we have shown that while Spo13 elicits both sister kinetochore monoorientation and pericentromeric cohesion through regulation of key meiotic kinases, it does so via distinct mechanisms ( Figure 7H ). Sister kinetochore monoorientation is achieved by Spo13-dependent recruitment of Cdc5 to kinetochores. Pericentromeric cohesin protection is achieved by controlling the cohesin kinases, thereby preventing cohesin phosphorylation both directly and, by preventing Sgo1-PP2A removal, indirectly. Overall, we reveal that Spo13 orchestrates the action of key meiotic kinases to establish reductional chromosome segregation in meiosis I.
Kinase Recruitment to Kinetochores-a Mechanism to Bias toward Monoorientation?
The unifying feature of the meiosis I regulators, Spo13, Moa1, and MEIKIN, is interaction with their respective Polo kinases (Kim et al., 2015; Matos et al., 2008; Miyazaki et al., 2017) . We show that centromeric recruitment of Cdc5 by Spo13 is required for sister kinetochore monoorientation. Tethering Cdc5 to kinetochores in spo13D mutants restored sister chromatid co-segregation at anaphase I. Remarkably, Cdc5-Kt enforces sister chromatid co-segregation independently of monopolin-directed kinetochore fusion. Instead, kinetochore-localized Cdc5 may bias sister kinetochores toward segregating to the same pole. Rather than monopolin-based monoorientation, which is specific to budding yeast, inducing this bias might be the conserved effect of Polo kinase recruitment to kinetochores by Spo13, Moa1, and MEIKIN. How such a bias might be achieved is unclear, but kinetochore-associated human Plk1 stabilizes initial kinetochore-microtubule attachments (Liu et al., 2012) , and perhaps a similar activity of Spo13-Cdc5 might support sister kinetochore monoorientation. We note that since Cdc5-Kt also induces homolog co-segregation in the absence of monopolin, regulated recruitment of Cdc5 to kinetochores is likely to be important. Indeed, while Cdc5-Kt is constitutively targeted to kinetochores during meiosis, in wild-type cells Spo13 is degraded in anaphase I so specific kinetochore targeting of Cdc5 is restricted to metaphase I (Sullivan and Morgan, 2007) .
In budding yeast, monopolin-dependent sister kinetochore fusion is the main requirement for sister kinetochore monoorientation. While the kinetochore localization of monopolin is perturbed in spo13D cells (Katis et al., 2004b; Lee et al., 2004; Matos et al., 2008) , curiously, and despite a requirement for Cdc5 in recruiting monopolin to kinetochores (Clyne et al., 2003) , Cdc5-Kt does not rescue monopolin association with kinetochores. This suggests that Spo13 recruits or maintains monopolin at kinetochores in a Cdc5-independent manner. The kinetochore recruitment of monopolin depends on its association with the core kinetochore protein, Dsn1, an interaction that is likely to be regulated by phosphorylation (Corbett et al., 2010; Plowman et al., 2018; Sarkar et al., 2013) . Spo13 also associates with, and influences, two further kinases, DDK and Hrr25, both of which are required for monopolin association with kinetochores (Matos et al., 2008; Petronczki et al., 2006) . It is conceivable that as we show for cohesin protection, Spo13 regulates sister kinetochore monoorientation by affecting multiple key kinases.
The Role of Cdc5 in Cohesin Removal
Previous reports have suggested that kinetochore recruitment of Cdc5 is the key function of fission yeast Moa1 and mouse MEIKIN in cohesin protection (Kim et al., 2015; Miyazaki et al., 2017) . In budding yeast, however, the role of Cdc5 in cohesin function during meiosis has been controversial. While it is agreed that Cdc5 binds to and phosphorylates cohesin, it was unclear whether Cdc5-dependent cohesin phosphorylation contributes to cohesin cleavage (Attner et al., 2013; Brar et al., 2006; Katis et al., 2010) . Indeed, conversely, at least in cells lacking the meiosis-specific APC/C activator Ama1, Cdc5 promotes cohesin protection (Katis et al., 2010) . We have provided a possible solution to this apparent paradox, as we demonstrate that Cdc5 affects cohesin cleavage in different ways, depending on its localization. Cohesin-tethered Cdc5 promotes loss of pericentromeric cohesion. Whether this is due to cohesin cleavage or via the cleavage-independent cohesin removal pathway mediated by Rad61/Wapl (Challa et al., 2016 (Challa et al., , 2019 Yu and Koshland, 2005) remains to be determined. In contrast, kinetochore-bound Cdc5 enhances pericentromeric cohesin retention in anaphase I, though this does not confer functional cohesion. Therefore, while Spo13-dependent Cdc5 recruitment to kinetochores may support centromeric cohesin protection, as reported for fission yeast Moa1 and mouse MEIKIN (Kim et al., 2015; Miyazaki et al., 2017) , other functions of Spo13 are essential.
Cohesin Kinases Drive Premature Loss of Pericentromeric Cohesion in spo13D Cells
The role of Spo13 and its functional homologs in cohesin protection has long been elusive. Although a function in localizing Sgo1 has been suggested (Kiburz et al., 2005; Kim et al., 2015; Miyazaki et al., 2017) , we and others, could not find any evidence that the centromeric localization of Sgo1 in metaphase I is altered in the absence of Spo13 (Lee et al., 2004) . Instead, we reveal that cohesin kinases are the main driver of premature cohesin loss in spo13D cells via a two-pronged mechanism, affecting both cohesin itself and its protector, Sgo1-PP2A. Firstly, inhibition of Hrr25 and Cdc7 or depletion of Cdc5, all restored sister chromatid cohesion in the absence of Spo13 and this was dependent on Sgo1. The simplest interpretation of these data is that Spo13 and Sgo1-PP2A together ensure that Rec8 phosphorylation is maintained at a level below that sufficient for Rec8 cleavage. Since Sgo1 is restricted to the pericentromere, only Rec8 in this region will be below the phosphorylation threshold required for cleavage. Secondly, inhibition of Hrr25 allows Sgo1 reaccumulation after anaphase I onset in spo13D cells. Therefore, Spo13-dependent Hrr25 restraint also promotes cohesin protection by maintaining Sgo1 at pericentromeres in anaphase I cells. Interestingly, Hrr25-mediated Sgo1 removal might explain the eventual cleavage of pericentromeric Rec8-poloA, which transiently persists into anaphase I in spo13D cells (Figures 5D-5F ). While forcibly tethering Sgo1 to Rec8 partially restored pericentromeric cohesin, it failed to support centromeric cohesion. Therefore, although Spo13-dependent reaccumulation of Sgo1-PP2A likely facilitates cohesion protection, it is not the only important effect of Spo13-dependent cohesin kinase control.
Our findings also highlight an important paradox: how does Spo13 antagonize the cohesin kinases in anaphase I, when Spo13 is normally degraded (Sullivan and Morgan, 2007) ? Hrr25 is required for meiosis II exit and this function must be inhibited in meiosis I (Arg€ uello-Miranda et al., 2017) . Our findings that Spo13 interacts with Hrr25 and that inhibition of this kinase specifically rescued multiple spo13D-associated phenotypes leads us to speculate that Spo13 could act as an inhibitor of Hrr25-mediated meiotic exit and that cohesin deprotection in the absence of Spo13 might be an inevitable side effect of this process occurring prematurely.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Yeast Strains and Plasmids
All yeast strains are SK1 derivatives and are listed in Table S1 . Plasmids generated in this study are listed in Table S2 . Gene deletions, promoter replacements and gene tags were introduced using standard PCR-based methods. Specific depletion of proteins (Sgo1, Cdc20, Cdc5) during meiosis was achieved by placement of genes under the mitosis-specific CLB2 promoter (Lee and Amon, 2003) . For prophase block-release experiments, strains carried pGAL1-NDT80, pGPD1-GAL4.ER . Strains carrying rec8-24A (Katis et al., 2010 ), rec8-18D (Arg€ uello-Miranda et al., 2017 and hrr25-as1 were described previously. GFP binding protein (GBP) (Rothbauer et al., 2006) , cdc7-as3 (Wan et al., 2006) , RTS1-GFP (Katis et al., 2010) and separase biosensor constructs (Yaakov et al., 2012) were kind gifts from Ulrich Rothbauer and Heinrich Leonhardt, Nancy Hollingsworth, Wolfgang Zachariae and David Morgan, respectively. A yeast strain with rec8-poloA was generated from a synthetic gene construct (GeneArt) which carries the mutations S136A, T173A, S179A, S197A, S199A, S215A, T249A, S285A, S386A, S387A, S410A, S421A, S465A and S466A. Non-fluorescent GFP (nfGFP) was generated by introduction of the S65T and G67A mutations as described (Kutrowska et al., 2007) .
Growth Conditions
Cells were prepared for sporulation as described by Vincenten et al. (2015) . Briefly, after cryostorage diploid cells were thawed on YPG plates (1% yeast extract, 2% Bacto peptone, 2.5% glycerol, and 2% agar) for 16 h, before growing on 4% YPDA plates for 8-24 h (1% yeast extract, 2% Bacto peptone, 4% glucose, 2% agar and 0.3mM adenine). A small amount of culture was inoculated into liquid YPDA (1% yeast extract, 2% Bacto peptone, 2% glucose and 0.3mM adenine) and grown for 24 h. Cultures were diluted to OD 600 = 0.3-0.5 in BYTA (1% yeast extract, 2% Bacto tryptone, 1% potassium acetate, 50mM potassium phthalate) medium and grown for approximately 16 h. Cells were washed twice with sterile deionised water and resuspended in sporulation medium (SPO; 0.3% potassium acetate, pH 7) at OD 600 = 2.5. All growth steps were performed at 30 C. For prophase block-release, experiments were performed as above except that 5-6 h after resuspension in SPO medium, b-estradiol was added to 1mM to induce release from the prophase arrest, as outlined by Carlile and Amon (2008) . To inhibit Hrr25-as1 and Cdc7-as3, cells were treated with 5mM 1-NM-PP1 (Toronto Research Chemicals) and 20mM PP1 (Toronto Research Chemicals), respectively. In experiments where at least one strain carried cdc7-as3, all strains also carried pGAL-NDT80 and GAL4-ER to enable synchronous release from a prophase I arrest (Carlile and Amon, 2008) and PP1 (and 1-NM-PP1, if hrr25-as1 was also part of the experiment) was added ChIP-seq data has been deposited on the Genome Expression Omnibus (GEO) and can be accessed using accession numbers
This study GSE112167 (Sgo1-6Ha), GSE112170 (Spo13-3Flag) and GSE123546 (Rec8-3Ha).
The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository.
This study PXD012627
Experimental Models: Organisms/Strains
Yeast strains used in this study n/a See Table S1 Oligonucleotides Oligonucleotides used in this study for qPCR n/a See Table S3 Recombinant DNA Plasmids generated in this study n/a See at the same time as b-estradiol i.e. at prophase exit. In experiments where Hrr25-as1 was the only kinase to inhibit, 1-NM-PP1 was added 1 h after resuspending cells in SPO. This procedure was followed because Hrr25-as1 inhibition does not impact meiotic progression until meiotic exit whereas Cdc7-as3 inhibition results in meiotic arrest either in S phase or prophase.
For overexpression experiments using the copper-inducible promoter, pCUP1, 50 mM CuSO 4 was added to metaphase I-arrested (pCLB2-CDC20) cells 4.5 h after resuspension in SPO medium. In case of prophase arrest/release experiments, 50 mM CuSO 4 was added 30 min prior to release with b -estradiol. For the experiments with the separase biosensor, cells were supplied with 100 nM CuSO 4 at the time of resuspension in SPO medium.
METHOD DETAILS Chromatin Immunoprecipitation
ChIP-qPCR and ChIP-seq were performed as previously described (Vincenten et al., 2015) . Briefly, cells were harvested and washed twice in TBS buffer (20 mM Tris-HCl pH7.5, 150 mM NaCl) and once in FA lysis buffer (100 mM HEPES-KOH pH7.5, 300 mM NaCl, 2 mM EDTA, 2% TritonX, 0.2% Na Deoxycholate) containing 0.1% SDS (FA lysis buffer/0.1% SDS). Cell pellets were resuspended in 300ml FA lysis buffer/0.5% SDS containing 1x cOmplete protease inhibitor (PI) cocktail (Roche) and 1mM PMSF and lysed using silicon beads in FastPrep-24 homogeniser (MP Biomedicals). The mixture was centrifuged and washed once with FA lysis buffer/0.1% SDS+PI/PMSF. Cells were resuspended in 500ml FA lysis buffer/0.1% SDS+PI/PMSF and disrupted in a Bioruptor Plus sonicating water bath (Diagenode). Cell debris was removed by centrifugation. 500ml FA lysis buffer/0.1% SDS+PI/PMSF was added to the supernatant. After a further round of centrifugation, 300ml FA lysis buffer/0.1% SDS+PI/PMSF were added to the supernatant and 10ml of this solution was removed as Input. IP was performed overnight using 1ml of cell lysate and 7.5ml mouse anti-Ha (12CA5, Roche), 5ml mouse anti-Flag (M2, Sigma), 10ml mouse anti-V5 (SV5-Pk1, Bio-Rad) or 10ml mouse anti-GFP (Roche) together with 15ml of prewashed Protein G-conjugated Dynabeads (Life Technologies). After overnight incubation, IPs were washed in a tube magnet successively with 1ml of each of CWB1 (FA lysis buffer/0.1% SDS/ 275 mM NaCl), CWB2 (FA lysis buffer/0.1% SDS/ 500 mM NaCl), CWB3 (10 mM Tris-HCl, pH 8, 0.25 M LiCl, 1mM EDTA, 0.5% NP-40, 0.5% Na Deoxycholate) and TE (10 mM Tris-HCl, pH 8, 1 mM EDTA). Remaining wash buffer was removed and 200ml 10% Chelex 100 (Bio-Rad) solution was added to both IP and Input before boiling at 100 C for 10 min. 2.5ml proteinase K (10mg/ml; Life Technologies) was added and samples incubated at 55 C for 30 min before boiling for a further 10 min at 100 C. Samples were centrifuged briefly and 130ml of supernatant removed for qPCR. qPCR was performed in a 20ml Express SYBR GreenER (Life Technologies) reaction and run on a Roche Lightcycler. ChIP enrichment was determined as follows: DCT was calculated according to DCT = (CT (ChIP) À [CT (Input) À logE (Input dilution factor)]) where E represents the specific primer efficiency value. % Enrichment was then calculated according to the formula E ÀDCT . qPCR was performed in tech-
